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Abstract —To accurately calculate efficiencies η of experimen-
tally produced multijunction solar cells (MJSCs) and optimize 
their parameters, we offer semi-analytical photoconversion for-
malism that incorporates radiative recombination, Shockley-
Read-Hall (SRH) recombination, surface recombination at the 
front and back surfaces of the cells, recombination in the space 
charge region (SCR) and the recombination at the heterojunction 
boundaries. Selfconsistent balance between the MJSC tempera-
ture and efficiency was imposed by jointly solving the equations 
for the photocurrent, photovoltage, and heat balance. Finally, we 
incorporate into the formalism the effect of additional photocur-
rent decrease with  subcell number increase. It is shown that for 
an experimentally observed Shockley-Read-Hall lifetimes, the 
effect of re-absorption and re-emission of photons on MJSC effi-
ciency can be neglected for non-concentrated radiation condi-
tions. A significant efficiency η increase can be achieved by im-
proving the heat dissipation using radiators and bringing the 
MJSC emissivity to unity, that is closer to black body radiation 
rather than grey body radiation. Our calculated efficiencies 
compare well with other numerical results available and are con-
sistent with the experimentally achieved efficiencies. The formal-
ism can be used to optimize parameters of MJSCs for maximum 
photoconversion efficiency.  
Index Terms — multijunction solar cells, efficiency, III-V com-
pound semiconductors, radiative and nonradiative recombina-
tion. 
I. INTRODUCTION 
Much effort has recently been directed towards increasing 
efficiency η of multijunction solar cells (MJSCs). MJSCs have 
shown promise for increasing photoconversion efficiency, 
therefore realistic optimization of MJSCs, given fundamental 
constraints on photoconversion, is important to provide 
achievable efficiency targets for both research labs and indus-
try. However, standard theoretical formalisms of photocon-
version are not comprehensive enough to realistically repro-
duce experimental efficiencies. Photoconversion efficiency η 
of multijunction solar cells (MJSCs) under AM1.5 has 
reached 38.8% and 44.4% under concentrated illumination [1]. 
However, currently there is a gap between the experimental 
approaches to develop MJSCs, and often idealized formalisms 
to model their efficiency. The vast majority of existing com-
putational work is performed based on thermodynamic Carnot 
approach or energy balance model (see, for example, [2] - [4]). 
Only one paper introduces such parameters as saturation cur-
rents for radiative recombination and Shockley-Read-Hall 
(SRH) recombination [5]. In the photoconversion model of [5] 
processes of light re-radiation and re-absorption (photon recy-
cling) in the structures with multiple reflections were consid-
ered, resulting in open circuit voltage VOC increase. Recombi-
nation contribution to the photoconversion processes from 
radiative recombination and Shockley-Read-Hall recombina-
tion were also introduced in [5]. 
Meanwhile, to accurately and realistically predict efficien-
cies of experimentally produced MJSCs and optimize their 
parameters, photoconversion models must consider (i) radia-
tive lifetime τr, SRH lifetime τSR, recombination in the space 
charge region (SCR) and surface recombination velocity S, (ii) 
optimal base and emitter doping levels, as well as their thick-
ness, and (iii) selfconsistent balance between the MJSC tem-
perature and efficiency. Since MJSCs contain multiple homo- 
or hetero-junctions, trade-offs between interfaces and thin 
film contributions are also important in the photoconversion 
processes, but they also were not sufficiently addressed.  
To overcome the above mentioned limitations we develop a 
new semi-analytical selfconsistent approach to calculate pho-
toconversion efficiency for MJSCs with both vertical and lat-
eral design and apply the formalism to MJSC under AM0 and 
AM1.5 illuminations. In addition to radiative recombination 
[5], both Shockley-Read-Hall and interface recombinations 
(using typical values for direct bandgap III-V semiconductors) 
were included into the approach. We show that for the typical 
lifetime of order 10-8 s, which semiconductor technologies 
offer for A3B5 compounds based MJSCs, the contribution of 
the light re-absorption and re-emission to the photoconversion 
efficiency can be neglected.  
In our simulation of the efficiency a balance between η and 
the MJSC temperature T is selfconsistently treated. With in-
crease of subcell number n, the difference between the band 
gap and photon energies as well as the MJSC temperature 
decrease. This effect increases open circuit voltage VOC and 
efficiency η and should be particularly strong for solar cells in 
space applications. In the outer space the solar cell tempera-
ture is not limited by reasonably high temperature of the envi-
ronment such as in terrestrial application. Furthermore, it is 
demonstrated in selfconsistent way that the MJSC temperature 
strongly depends on the properties of heat sink that removes 
excessive heat from the MJSC. 
Our formalism accounts for decrease of the emitted heat and 
operating MJSC temperature when the number of current-
matched subcells n increases. Increase of n narrows the spec-
tral range for each subcell, additionally reducing the photocur-
rent due to energy dependent light absorption, and this fun-
damental limitation is ignored in other approaches. This fun-
 damental effect reduces the limiting value of the photocurrent 
as the number of subcells n increases. The photocurrent quan-
tum yield qs(Eph) as a function of photon energy Eph  near the 
absorption edge is below its maximal value of one. Therefore, 
if the solar spectrum is distributed over a larger number of 
subcells, the area below the curve qs(Eph), which is equal to 
the photocurrent in the photon energy range ΔEph =Eph2 – Eph1 
for each subcell, declines more rapidly than the photon flux. 
Subsequently, despite the photovoltage increase with n due to 
a larger number of energy intervals, the photocurrent starts 
decreasing due to lower quantum yield, thus causing the effi-
ciency η to saturate with the number of subcells. Existing the-
oretical approaches (see, e.g., [5]), however, demonstrate only 
gradual increase of the efficiency η(n). Our theoretical calcu-
lations agree well with experimentally available efficiencies. 
    The calculations were carried out for AM0 and AM1.5 
conditions for both lateral (with the solar spectrum splitting), 
and vertical MJSC. We show that the improved heat dissipa-
tion from MJSC, in particular, the blackening of the back sur-
face of the solar cell, and the use of radiators can significantly 
increase efficiency of MJSCs. The results presented in this 
study can be used to optimize the parameters of MJSC. 
II. FORMULATION OF THE PROBLEM 
To calculate the efficiency of MJSCs and optimize their pa-
rameters we combine photoconversion physics laws in solar 
cells, which are governed by such characteristics of semicon-
ductor materials as radiative lifetime r , the Shockley-Read-
Hall time SR , surface recombination velocity S, doping levels 
of base and emitter as well as their thickness.  
Our analysis shows that for SRH lifetimes SR of order of 
10-8 s, typical for technologically produced MJSCs based on 
AIIIBV compounds, contribution of processes of re-emission 
and re-absorption of light (photon recycling) to the photocon-
version efficiency can be neglected. 
     The thermal conductivity of subcells’ materials is usually 
high enough, so the same stationary temperature is established 
throughout the whole MJSC under operation. Using results of 
[6], we formulated and solved a general thermal balance equa-
tion that comprehensively accounts for the main mechanisms 
of heat generation and dissipation though the black body 
emission and the heat sink. The absolute temperature of MJSC 
T can be found from the equation: 
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phphs dEEPP , where P(Eph) is specific power of 
solar radiation at a given photon energy Eph, E1 and E2 are the 
lower and upper photon energy limits for the entire MJSC, 
Jm(T) and Vm(T) are the photocurrent density and photovoltage 
at maximum power output. The emissivity parameter β is of 
the order of unity and this defines a degree to which the MJSC 
radiates, compared to the perfect black body emission, and 
extra contributions to the heat up depending on the vicinity of 
the MJSC to the satellite and its orientation. Parameter σ is the 
Stefan-Boltzmann constant, T=Tmin+ΔT, with Tmin being the 
ambient temperature, and δ is convection coefficient. In our 
calculations we considered that MJSCs absorb solar radiation 
in the wavelength range of 0.3m < λ < 2m (which corre-
sponds to 4.13 ÷ 0.62 eV photon energy range). 
     Coefficient r accounts for incomplete (r < 1) absorption of 
light in the MJSC, which does not lead to increase its tem-
perature, and that the radiative recombination takes away a 
part of the solar radiation energy, thus reducing the tempera-
ture. Convection coefficient δ depends on number of parame-
ters such as wind speed, humidity, air density as well as type 
of material on which the solar cell is mounted.  Therefore, 
actual MJSC temperature cannot be calculated by introducing 
average δ parameter. At the same time, even for sufficiently 
large convection coefficients (achieved, for instance, for high 
wind speed) MJSC temperature is always above the ambient 
temperature. However, the higher efficiency η the closer 
MJSC temperature T to Tmin is. Under AM1.5 Tmin is the ambi-
ent temperature, while for AM0 and low orbit satellites Tmin= 
173K [7].  In the cases of low wind speed or no wind the con-
vection coefficient δ  ~ 10-3 W/cm2⋅K, and the radiative cool-
ing is dominating if concentrators are used at AM1.5. 
 The open circuit voltage VOC of a single subcell, influenced 
by SRH recombination, recombination in SCR and the total 
surface recombination with its velocity Ss, can be calculated 
from the equation for the photocurrent density Jg: 
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Here q is  elementary charge, d is subcell thickness, Ss is the 
total surface recombination velocity at the illuminated and 
back surfaces, n0 is equilibrium concentration of the majority 
carriers,   111   SRrb  is  the bulk recombination lifetime,   10  Anr is radiative lifetime with A being the radiative re-
combination parameter, τSR is SRH recombination time, 
2 ,   2/1020 2/ nqkTL sD   is the Debye screening length, 0  
is the dielectric constant of vacuum, s  is the relative permit-
tivity of semiconductor, k is Boltzmann constant, b is the ratio 
of the hole capture cross section to the cross section for elec-
tron capture by the deep recombination center,     kTEKTNNTn gvci 2/exp300/)( 2/3  is intrinsic car-
rier concentration, Nc and Nv are effective density of states of 
the conduction and valence bands at T = 300 K, and Eg is the 
semiconductor bandgap. 
Equation (2) is valid for L > d, where the diffusion length 
L=(D⋅	 τ)½ with D and τ are the minority carriers diffusion co-
 efficient and their lifetime respectively. The first term on the 
right side of (2) is written in the usual form [8], while the sec-
ond term describes the contribution of different recombination 
mechanisms. This part is modified (as compared to [9]) for the 
case of illumination. 
Eq. (2) can be rewritten in the following form: 
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  Here J0di is the diffusion saturation current density, J0ri is 
the recombination saturation current density, J*0i the effective 
saturation current density, and mi is the effective ideality fac-
tor of the I-V curve for the subcell under consideration. Com-
paring (2) and (3) we can find J0di and J0ri, modified by the 
above considered recombination mechanisms. 
According to [10] the open circuit voltage Vs of MJSC, that 
is for the series-connected subcells, can be written:  
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    The current density J in the I – V characteristics for the se-
ries connected subcells in this case depends on voltage V as:   
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   Applied voltage Vm, which yields the maximum MJSC pow-
er output Pm  (Pm=Jm ⋅ Vm), can be found from the following: 
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    Short-circuit current density can be found for both lateral 
and vertical MJSCs. For the lateral MJSCs the short-circuit 
current densities of the single i-th cell LgiJ  can be written: 
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  Here parameter si =Si /S,  is the specific surface area of the i-
th subcell jgi(Eph) is the photocurrent density at photon energy 
Eph, which is a product of elemental charge q and solar radia-
tion flux density P(Eph), and qsi (Egi,Eph) is the photocurrent 
quantum yield.  
    The general expression for qsi(Egi,Eph) is given in [8], which 
can be rewritten for our case as:  
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Here α is the light absorption coefficient, Lp is the diffusion 
length in the emitter of width dp and bulk recombination time 
τp, and Rd stands for back surface reflection coefficient. 
     For the vertical MJSC the expression for the short-circuit 
current density VgiJ has the form: 
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and, with αi being the light absorption coefficient  for i-th cell,  
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      For the quantum yield of i-th subcell the expressions (10) - 
(12) can be used by putting the reflection coefficient from i-th 
subcell back surface Rdi=0.  
    For series-interconnected subcells photocurrent-matching 
condition has to be satisfied. The current matching implies 
that the photocurrent of each subcell is the same, i.e.:  
         ggngngggg JEJEJEJ  )()()( 2211 .           (17)                   
   The photocurrent density at the point of maximum power 
output Jm can be found as: 
              msgm qVkTmJJ /1 .                                    (18) 
    Considering the above recombination losses and ignoring 
for simplicity light reflection and shading, as well as losses 
due to dispersion element, the corresponding efficiency η0 is:   
                       smm PVJ /0 .                                           (19)                     
     Solving selfconsistently the set of equations together with 
expressions (1) – (19) the MJSC efficiency η equals: 
                     011  msdr KRQ  ,                             (20) 
 where Qdr is the dispersion element efficiency, Rs is the coef-
ficient of the light reflection from the MJSC front surface and  
Km is  the shading coefficient. In the numerical solution for the 
simplicity, we consider that Rs =0, and Km=1. 
III. RESULTS AND ANALYSIS 
Since the solar spectrum that reaches subcells of MJSC and 
being adsorbed is in the 0.3m < λ < 2m wavelengths range, 
non-photoactive low energy photons with λ > 2m do not 
contribute to the SC temperature increase. For simplicity of 
our analysis, we consider here the recombination losses only, 
and in such a case it follows from Eg. (20) that η(n) = η0(n).  
Processes of re-absorption of light are considered in [5] are 
important if the nonradiative recombination can be neglected. 
When calculating VOC in this case, instead of the radiative 
recombination parameter A we have to use Aeff=A(1-γr) with γr 
the photon re-emission factor. This increases the efficiency, 
and when we calculated η, the reflection coefficient Rd was 
put to zero. In contrast, when the nonradiative recombination 
is present, η change due to the re-absorption can usually be 
neglected [8]. In this paper, rather than relying on re-
absorption processes, the MJSC efficiency gain is achieved 
mainly by improving heat dissipation. This can be done by 
increasing the MJSC emissivity parameter β, making this as 
close to blackbody as possible. If the solar cell heat dissipates 
through the top illuminated surface, β is close to 0.9 [11]. By 
blackening the back surface of the MJSC, the emissivity pa-
rameter can be increased to ~1.8. Another method of improv-
ing the heat dissipation is to use radiator fins, where the heat 
emission occurs from larger area than the area of the illumi-
nated MJSC surface (KT >1). 
  We also analyze the influence of the subcells’ base doping 
level n0 on MJSC photoconversion efficiency η. When the 
Shockley-Read-Hall recombination dominates, η reaches max-
imum at n0 = 1017cm-3. For the n-type base the maximum of η 
is due to interplay of both Auger recombination and Burstein-
Moss effect, with the last decreasing the light absorption coef-
ficient near the absorption edge. For the p-type base, Burstein-
Moss effect does not contribute to the maximum of efficiency 
happening. The above considerations are used to optimize n0 
when simulating MJSC efficiency η. 
We first calculate η(n) for the hypothetical model system 
when each subcell is made of a direct-gap III-V semiconduc-
tor with exact energy gaps Egi, always available to satisfy cur-
rent matching. The following parameters were used: Aeff  = 
2⋅10‐10	 cm3/s , D = 50 cm3/s,  Nc= 5⋅1017 cm-3, Nv= 1019 cm-3. 
We also considered d = 2 ⋅10-4 cm, dp = 10-6 cm, τp = 10-10 s, n0 
= 1017 cm-3, Ss = 103 cm/s and δ = 10-2 W/sm2⋅K. The surface 
recombination velocities and the Shockley-Read lifetimes 
considered to be the same for each subcells of MJSC. When 
SRH recombination is considered, we use τSR = 5 ⋅ 10-9 s. 
Figs. 1a and 1b demonstrate calculated efficiencies η(n) for 
the lateral MJSC for a large number of subcells n > 10 under 
AM0 and AM1.5 respectively. Comparing Figs. 1a and 1b, 
the efficiency at AM0 is always higher than at AM1.5, which 
is due to lower MJSC temperature under AM0 condition. The 
better heat dissipation (which corresponds to high value of 
γ=βKT) the lower MJSC temperature is and the higher is the 
efficiency, graphs 1 – 3. The graph 4 in Fig. 1b is taken from 
[5] and corresponds to recombination saturation current in 
SCR equals 100 mA/cm2. It appears from Fig. 1b that the effi-
ciency η from [5] is close to our theoretical curve 2. 
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Fig. 1. (Color online). Efficiency η(n) of lateral MJSC at AM0 
(Fig. 1a) and AM1.5 (Fig. 1b) for hypothetical model system for 
different heat dissipation conditions: KT=1 for all curves, β values are 
1, 1.5 and 2 for curves 1, 2 and 3 respectively.  
 
In contrast to the previous figure, Fig. 2 shows η(n) at 
AM1.5 for a specific set of technologically available semi-
conductors with predefined gaps Eg: GaSb, GaAs0.7Sb0.3, 
GaAs, Al0.15Ga0.85As, Al0.3Ga0.7As, and Al0.45Ga0.55As. Here, 
Rd=0 and β =1.5, while the heat dissipation conditions are 
varied: curve 3 KT=1, curve 2 KT=5, and curve 3 corresponds 
to a forced cooling with MJSC temperature T=300K, which 
produces the highest η. Curve 4 describes the experimentally 
achieved efficiencies for different numbers of subcells in 
MJSC [12], [13] [14]. The figure demonstrates reasonably 
good agreement of our theoretical results with experimentally 
available efficiencies. Comparing Figs. 1 and 2 it is important 
to stress that instead of saturation of η(n) dependences for 
model system (Fig. 1), the theoretical η(n) graphs clearly 
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 show maximum when parameters of technologically available 
semiconductors are considered (Fig. 2).   
It is important to stress that for improved heat sink, for in-
stance, with γ = 6 ⋅ 10-3 W/cm2⋅K [15] at AM1.5 MJSC tem-
perature increases only slightly above the ambient tempera-
ture, thus resulting into to the efficiency close to that one at 
ambient temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Fig. 2. (Color online). Calculated (curves 1 – 3) vs. experimental 
(curve 4) MJSC efficiencies η(n) at AM1.5,  Rd=0 and β =1.5. For the 
curve 1 we neglect the surface recombination, while it is included for 
curves 2 and 3. Curve 4 corresponds to experimentally achieved 
efficiencies [13], [14], and [16] for the following set of semiconduc-
tors: GaSb, GaAs0,7Sb0,3, GaAs, Al0.15Ga0.85As, Al0.3Ga0.7As,  and 
Al0.45Ga0.55As. 
  
Three upper curves in Fig. 3 show calculated maximum at-
tainable MJSC efficiencies η as a function of subcell number 
n for model system. Curve 1 is calculated within the energy 
balance model, taken from [11]. Curve 2 corresponds to the 
highest calculated efficiency in [5] (see Fig. 19, uppermost 
curve when the only recombination mechanism is the radiative 
recombination). Curve 3 is our calculated MJSC efficiency η 
for the case of improved heat dissipation and all recombina-
tion mechanisms, except radiative recombination, neglected.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (Color online). Calculated efficiencies for model system 
with set of semiconductors under AM1.5, curve 1 is from [5], curve 2 
is from [11] and curve 3 is from our approach. Details are in the text. 
 Curves 1 – 3 in Fig. 3 correspond to the maximum attaina-
ble MJSC efficiency, but calculated using different formal-
isms. The fact that curves 1 – 3 are within 10% of each other, 
demonstrates that efficiencies η, calculated using these differ-
ent formalisms, converged to close values.  
 Curves 4 and 5 in Fig. 3 describe the efficiency when 
Shockley-Read-Hall recombination is predominant. Curve 4 is 
from [5], Fig. 19 with SRH recombination current density of 
100 A/cm2. Curve 5 simply corresponds to curve 4 in Fig. 1b, 
calculated using our approach. We stress that the similarity of 
the curves 4 and 5 is important since they have been calculat-
ed using different formalisms. However, our transparent and 
simple to implement approach, based on general Eq. (2), is 
more efficient and universal.   
 We restricted here our analysis of η(n) to non-concentrated 
solar radiation, although the formalism developed is applica-
ble to the case of concentrated light as well. We only note that 
when using concentrators, to increase MJSC efficiencies, the 
degree of concentration M has to be proportional to KT. Oth-
erwise, increasing M will substantially heat up MJSC, which 
lead to η decrease. Obviously, sufficiently high KT can be only 
achieved under AM1.5. In the outer space producing systems 
with high KT is difficult due to MJSC weight restrictions. 
Unlike [5], in our formalism, the MJSC efficiency increase 
is achieved through improved heat dissipation rather than due 
to multiple reflections and re-absorption of the light. The ap-
proach of [5] can be beneficial when Shockley-Reed-Hall 
recombination is negligible compared to the radiative recom-
bination. Our formalism is not only advantageous when SRH 
recombination dominates over radiative recombination, but 
also includes SCR and surface recombination. 
IV. CONCLUSIONS 
In this paper we propose modified efficient semi-analytical 
approach to realistically calculate the photoconversion effi-
ciency η(n) for multijunction solar cells, applicable for both 
terrestrial and space applications, and using concentrated or 
non-concentrated light. The formalism incorporates important 
mechanisms of photogenerated carriers’ losses due to Shock-
ley-Read-Hall bulk recombination, space charge layer recom-
bination as well as surface recombination at the illuminated 
and back MJSC surfaces, and heterojunction interfaces re-
spectively. The above recombination contributions reduce the 
efficiency η compared to the case when only radiative recom-
bination dominates. MJSC efficiency η(n) has been calculated 
first for the hypothetical “ideal” system when each subcell is 
made of a direct-gap III-V semiconductor with exact energy 
gap Egi, required to satisfy current matching. With efficient 
heat sink and increasing subcells number n, calculated maxi-
mum MJSC efficiencies can exceed 60% for AM0 conditions 
and 50% for AM1.5. 
In contrast, applying our formalism to experimentally avail-
able semiconductors with predefined energy gaps Eg for se-
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 lected combinations of materials, the maximum efficiency 
achieved at AM1.5 η(n) is close to 41% at n = 4. The calculat-
ed efficiencies agree reasonably well with the experimental 
results available in the literature. These findings demonstrate 
that there still exists sufficient ability to substantially increase 
MJSC efficiency by considering direct-gap semiconductors 
with best match of the bandgaps and number of subcells. 
Calculated at AM1.5 efficiencies η(n) depend not only on 
specific selection of MJSC subcells, but also on non-
monotonic energy dependence for the solar spectrum.  
Our calculated efficiencies agree reasonably well with those 
calculated within different formalisms. In contrast to [5], we 
conclude that MJSC efficiency η increase is not due to multi-
ple reflections and reabsorption of light, but due to improved 
heat management of the system. Results of [5] can be used in 
a case when SRH recombination is insignificant compared to 
the radiative recombination, which corresponds to very high 
level of injection, not achievable in the real solar cells.  Ad-
vantages of our approach described in this paper are that we 
considered more realistic conditions when SRH recombina-
tion dominates over the radiative recombination. This corre-
sponds to, for instance, AM1.5 conditions. 
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